A description is given of two 'state of the art' high voltage pulse generator systems, designed to address the requirements of a fast beam chopping scheme for next generation high power proton drivers [1] . Measurements of output waveform and timing stability, for fast transition short duration, and slower transition long duration pulse generators, are presented.
INTRODUCTION
The development of an efficient beam chopper design is regarded as key for all next generation high intensity proton driver schemes that adopt the linac -accumulator or linac -synchrotron schemes [2] . Beam loss at ring injection and extraction, and the consequent activation of components can be minimised by the programmed population of ring longitudinal phase space, generated by a fast beam chopper in the linac front end. Chopper designs for the European Spallation Source (ESS), Spallation Neutron Source (SNS), Japan Proton Accelerator Research Complex (JPARC), and Superconducting Proton Linac (SPL), are the subject of a recent review paper [3] .
ESS front-end specifications call for significant technical development as the design includes all of the key front-end elements (ion source, chopper, and funnel) required for next generation high intensity spallation and neutrino factories [4] . Figure 1 . The configuration has evolved from a previously reported design [5] , and utilises two slowwave E-field chopper systems operating in 'Tandem'. The scheme reduces beam dump power dissipation, and high voltage pulse generator repetition frequency by a factor of two, without incurring excessive emittance growth.
'FAST-SLOW' CHOPPING SCHEME Key parameters and a timing schematic for one subsystem of the ESS 'Tandem' chopper configuration are shown in Table 1 , and Figure 2 , respectively. 
FAST & SLOW PULSE GENERATORS
A block schematic of the prototype high voltage pulse generator configuration for one chopper sub-system is shown in Figure 3 . 'Slow' pulse generator (SPG) systems B1 / B2 drive the B1 / B2 lumped element slow wave electrodes of chopper 2, and output ~ 12 ns transition, unipolar, trapezoidal, high voltage pulses (+6.0 and -6.0 kV) into eight pairs of 35 pf / 60 nH loads. Pulse duration will be programmable in the 240 ns to 0.1 ms range. The 120W fan-cooled modules will be close-coupled to the electrodes, to preserve pulse shape fidelity.
FPG Development and waveforms
The FPG has been designed and built by a UK based manufacturer [7] . Acceptance tests on the prototype indicated that with the exception of pulse droop, all key ESS specifications had been met [1] . TLT cores have now been replaced with an upgraded ferrite material and the pulse 'droop' specification (≤ 2 % in 10 ns) has subsequently been met. The system is now available for testing differential slow-wave structures, with dual polarity pulses of up to 1.4 kV in amplitude. The waveforms shown in Figure 5 indicate that the requirements for pulse 'droop' (≤ 2 % in 10 ns) and pulse repetition frequency (PRF) (≥ 2.5 MHz) have been met. The waveforms in Figure 6 show baselines settling in ~ 5τ (~ 2.5 e-6 s), confirming an F 3dblow of ~ 300 kHz. A reduction in duty cycle 'droop' (2.5 %) is anticipated. The waveforms shown in Figure 7 indicate that the requirements for duty cycle (0.24 %) and burst pulse amplitude stability (± 5 %) have been met. The histogram shown in Figure 8 indicates that the requirement for stability in delay (±0.1ns pk-pk) between the trigger and output pulse has been met. The prototype SPG modules will be compact (100 x 250 x 280 mm), and fan cooled (~ 120 W). The 'lumped element' load will simulate the characteristics of, and be more easily reconfigurable than, a mechanical electrode structure.
Preliminary measurements made on a pre-prototype SPG utilising a commercially available high voltage MOSFET switch module [8] , are shown below.
The waveforms shown in Figure 10 indicate that specifications for transition time (~ 12 ns) and pulse shape fidelity can be met. The histogram shown in Figure 13 indicates that the requirement for stability in delay (± 0.5 ns pk-pk) between the trigger and output pulse can be met. Waveform measurements on the pre-prototype SPG are also encouraging, as they suggest that an 'off the shelf' high voltage MOSFET switch technology [8] comes close to meeting the requirements of the ESS 'slow' chopper system. A modified version, with a 1.5 ms burst duration capability at 1.2 MHz PRF is anticipated.
